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Spin-state effects on the outer core-level multiplet structures for high-spin
Mn molecular clusters
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Oxo-bridged manganese polynuclear complexes have applications in a variety of technologies, such
as single-molecule nanomagnets, catalysis, and photosynthetic redox chemistry. X-ray
photoemission spectroscopy was used to study the Mn 3p, 3s, and valence band electronic behavior
as a function of Mn cluster structural properties, where the cluster size and nuclearity are
systematically varied. Results show a chemical shift of the Mn 3p3/2,1/2spin–orbit pair related to the
cluster size and nuclearity. In addition, the Mn 3s 7S and5S final state multiplet components shift
since they involve the binding energy of a ligand valence electron. In addition, the branching ratio
of the 7S:5S states is related to the 3s– 3d electron correlation. Specifically, in the7S state, the
remaining 3s electron is well correlated with 3d electrons of parallel spin, while in the5S state, the
two spins are antiparallel. Changes in this electron correlation are clearly observed in the7S:5S
branching ratio as a function of cluster size and ligand electronegativity. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1540737#
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INTRODUCTION

The multiple oxidation states of transition metal io
make them ideally suited for multielectron processes. C
ters of transition metal ions have been found at the ac
sites of numerous electron transfer enzymes, notably, the
ramanganese cluster in the oxygen-evolving complex,
site of water oxidation in photosynthetic organisms.1 In ad-
dition, Mn5O, where the oxidation state of Mn is14 or 15,
has been identified as the reactive species in catalytic ox
tions with Mn porphyrins.2,3 These catalytic reactions usual
end with the complete conversion of the Mn to permang
ate, Mn~VII !.4

Oxo-bridged manganese polynuclear complexes h
also proved useful in the development of single-molec
nanomagnets.5,6 These molecules have a large ground-st
spin S, and a large magnetic hysteresis comparable to
observed in hard magnets. This establishes molecular b
bility in a molecular nanomagnet, opening the way to st
information at the molecular level.

Spin-state effects can be examined by x-ray photoem
sion spectroscopy~XPS! of outer core-level multiplet struc
tures. Previous photoemission studies on transition m
compounds reveal core-level multiplet structures that
best understood in terms of configuration-interaction~CI!
calculations, including intrashell electron correlation, char
transfer, and final-state screening.7–11 In addition, these mul-
tiplet structures are also strongly influenced by covale
and ligand coordination.12,13

The neutral Mn atom has a 1s22s22p63s23p63d6 con-
figuration and a high-spin@3d54s2# configuration. In solids,
the ~empty! 4s band lies 2 to 4 eV above the top of the 3dN

a!Electronic mail: nelson63@llnl.gov
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band, depending on the ion. Photoelectron transitions are
lowed between the initial state 2p63s23p63dN (N53,4,5 for
Mn14, Mn13, Mn12, respectively! and a series of fina
states (2p53dN11).

It has been shown that for Mn dihalides, the outer Mns
core-level, final-state configuration can be either 3s3d5 or
3s3d6L depending on final-state screening effects due to
ligand (3s andL indicate that there is one electron missing
the Mn 3s and the ligand valence state, respectively!. In ad-
dition, the 3s final state has7S and5S symmetry; for ex-
ample the Mn21 initial state (3s23p63d5)6S has two pos-
sible final states, (3s13p63d5)7S or (3s13p63d5)5S. In the
7S state, the remaining 3s electron is well correlated with 3d
electrons of parallel spin, while in the5S state, the two spins
are antiparallel. This electron correlation reduces the bran
ing ratio of the7S:5S states. In addition, as the ligand ele
tronegativity decreases, charge-transfer satellites become
portant, and the spin state purity is lost in the 3s spectra. The
spectra become representative of mixed unscreened (3dN)
and locally screened (3dN11) final states. Thus, we see th
the 3s core-level is polarized by the 3d5 shell.

This article presents the results of a systematic study
the 3s and 3p core-level photoemission, and satellite stru
tures for Mn oxo-bridged compounds. Outer core-level m
tiplet splitting was characterized as a function of Mn clus
size, nuclearity, and ligand type. Interpretation of the 3p and
3s spectra is consistent with the~CI! model, including in-
trashell electron correlation, charge-transfer, and final-s
screening.

EXPERIMENTAL PROCEDURE

The manganese polynuclear complexes have been c
acterized as having trapped-valence oxidation-state Mn c
6 © 2003 American Institute of Physics
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bridged to various ligands. The Mn cores analyzed
Mn31, @Mn3O#61, @Mn4O3#71, @Mn4O2#81, and
@Mn12O12#

161. The ligands are the anion of dibenzoy
methane (DBM2), the anion of 2-hydroxymethyl pyridine
(HMP2), pyridine ~Py!, and 2-hydroxy-2,4,6-
cycloheptatrienone~tropolone or TROP!. Note that the
ligands TROP2,DBM2 and HMP2 bind as anions, while Py
binds as a neutral group. The cation tetra-n-butylammonium
~TBA! is used as a counter ion. These structures have
ground-state spins, as determined by the oxidation state
topology of the polynuclear transition metal core.14–16

Electronic spectroscopy for chemical analysis~ESCA!
experiments were performed on a Physical Electronics 5
ESCA system using Mg Ka radiation ~1253.6 eV! and a
hemispherical analyzer pass energy of 17.90 eV, giving
overall energy resolution of 1.1 eV. All binding energies a
referenced to the Fermi level of the analytical instrument
calibrated to the Au 4f peaks. Binding energies were furth
referenced to the C 1s photoelectron line arising from adven
titious carbon at 284.6 eV to account for charging effects

RESULTS AND DISCUSSION

Figure 1 shows the Mn 3s and 3p spectral regions for
the manganese polynuclear complexes. As previously sta
the excitation energy was 1253.6 eV, and thus the posit
and relative intensities of the Mn 3s and Mn 3p multiplets
can be considered to be in the sudden limit approximation7,8

with little coupling between the ion and the photoelectro

FIG. 1. High-resolution XPS spectra of Mn 3p and 3s core levels for the
Mn polynuclear complexes.
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The figure shows a chemical shift of the Mn 3p3/2,1/2 spin–
orbit pair associated with the trapped-valence oxidat
states. The unresolved 3p peaks are somewhat broadene
but a direct correspondence can be made between obse
features in these spectra and those in the literature.9–11 Spe-
cifically, the main 3p line represents the7P ionic final state,
and the higher binding energy shoulder represents the s
orbit component5P(1). Final-state screening effects in th
core-level spectra depend strongly on the electronegativit
the anions (DBM2, HMP2, and TROP2) and will affect the
final-state branching ratio. Specifically, note the variation
the quintet:septet (7P:5P) final-state branching ratio as th
Mn core size increases and becomes a@Mn12O12#

161

8MnIII4MnIV trapped-valence oxidation state. In additio
the covalency of the larger complexes increases, manifes
itself as a drastically reduced 3p branching ratio.

Figure 2 presents the expanded Mn 3s core-level spectra
for the Mn polynuclear complexes. The binding energy p
sitions for the Mn 3s 7S and5S multiplet components are
summarized in Table I. Note that the Mn 3s multiplet split-
ting (DMn 3s) becomes smaller as the Mn trapped-valen
oxidation state increases, consistent with published data7–10

Also note that the7S and5S multiplet components shift ac
cordingly since they are correlated with charge transfer
tween the Mnd-states and ligandp-states. In addition, note
that the full width at half maximum~FWHM! of the 5S mul-

FIG. 2. Expanded high-resolution XPS spectra of Mn 3s core levels for the
Mn polynuclear complexes.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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TABLE I. Summary of the Mn 3p and 3s photoelectron results for manganese polynuclear complexes.

Sample
@Mn oxidation state#

Mn 3p ~eV! Mn 3s ~eV!
FWHM of Mn 3s peaks

~eV!
DMn 3s

~eV!

Mn 3s
branching

ratioa7P 5P 7S 5S 7S 5S

Mn(Me2DBM) 3

@MnIII #

48.4 50.9
D52.5

82.7 88.4 3.0 1.5 5.7 4.4

Mn(trop)3
@MnIII #

48.2 50.2
D52.0

82.7 88.0 3.5 3.2 5.3 1.8

@Mn3O(PhCOO)6
(Py)2(H2O)]
@MnII,2MnIII #

48.2 50.5
D52.3

82.8 88.6 3.2 2.8 5.8 2.2

@Mn4O2(PhCOO)7DBM2#
TBA

@MnIII #

48.2 50.4
D52.2

82.9 88.2 2.8 2.0 5.3 2.4

@Mn4O2(PhCOO)7HMP3#
TBA

@MnIII #

47.7 50.2
D52.5

82.4 88.4 3.0 3.2 6.0 1.8

@Mn4O2(AcO)6

(Py)2DBM2]
@MnIII #

48.3 50.6
D52.3

82.8 88.4 3.5 3.0 5.6 2.2

@Mn4O3(PhCOO)4DBM3#
@3MnIII ,MnIV#

48.7 50.8
D52.1

83.2 88.5 3.2 3.0 5.3 2.1

@Mn12O12

(AcO)16

48.7 ¯ 83.1 88.2 3.8 4.8 5.1 1.4

(H2O)4]
@8MnIII ,4MnIV#

aThe branching ratio of the Mn 3s peaks are based the area ratio of the7S:5S states.
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tiplet component is affected by ligand chemistry, con
quently affecting the Mn 3s branching ratio. Specifically, a
the ligand electronegativity decreases, charge-transfer f
the ligandp-state to the Mnd-state causes the spin-state p
rity to be lost in the 3s spectra. Thus, the branching rat
corresponding to S21/2 and S11/2 final states that princi
pally reside on thep orbitals of the @ligand#2 and thed
orbitals of the@MnO#1 core, decreases. Note that the bran
ing ratios for complexes with the DBM ligand are larg
since the5S component is diminished, indicating that thes-
andd-electron spins are mostly parallel.

Figure 3 graphically summarizes the Mn cluster co
charge versus Mn 3s multiplet splitting for the Mn poly-
nuclear complexes. The multiplet splitting for these ligan
is an indication of the 3s polarization by the 3d final states.
In addition, polarization of the ligand can delocalize mob
p electrons and thus affect multiplet splitting.

The polynuclear complex with the largest core size a
the @Mn12O12#

161 8MnIII4MnIV trapped-valence oxidation
state, exhibits the smallest Mn 3s branching ratio. However
this can be affected by the electronic properties of the liga
Specifically, note that the variation of the Mn 3s multiplet
splitting for the three complexes with the@Mn4O2#81 cores
is due to the different ligand electronegativities, the DB
ligand having a higher electronegativity than the HM
ligand. Similarly for the two complexes with Mn31 cores,
the trop2 ligand having a higher electronegativity than t
Me2DBM ligand.

CONCLUSIONS

We have presented the results of a systematic stud
the 3s and 3p outer core-level multiplet splitting as a func
ar 2003 to 134.9.108.89. Redistribution subject to AI
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tion of Mn cluster size, nuclearity, and ligand type. Resu
show that the Mn 3p final-state branching ratio changes
the Mn core size and trapped-valence oxidation state
creases. In addition, as the covalency of the larger comple
increases, the 3p branching ratio is reduced. Results al
show that the Mn 3s multiplet splitting became smaller a
the Mn trapped-valence oxidation state increased. The
served multiplet splitting provides further understanding
these oxo-bridged manganese polynuclear complexes.

FIG. 3. Mn cluster core charge versus Mn 3s multiplet splitting for the Mn
polynuclear complexes.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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